Introduction
Adriamycin (ADR) nephropathy is a classic experimental model of kidney disease, resulting from selective injury to glomerular podocytes, the visceral epithelial cells that maintain the kidney filtration barrier (1) (2) (3) . Genetic or acquired defects that reduce as little as 10%-20% of podocyte cell mass are sufficient to initiate glomerulosclerosis and nephropathy (4) (5) (6) (7) . In the ADR nephropathy model, a single dose of ADR produces loss of podocyte foot process architecture and progressive podocyte depletion, resulting in persistent proteinuria, followed by the development of focal segmental glomerulosclerosis and finally, global sclerosis (8) . This model is frequently used to unmask susceptibility to glomerulosclerosis in genetically manipulated mice or to test the relevance of specific pathways or interventions in the development of nephropathy (1) (2) (3) (8) (9) (10) (11) . However, interpretation of studies using the ADR nephropathy model is limited by our lack of understanding of the underlying mechanism of injury. Therefore, elucidation of the mechanisms of tissue injury in this trait can provide insight into pathways mediating glomerulosclerosis and a biological context for studies using this model. Moreover, because ADR is a commonly used chemotherapeutic drug, better understanding of ADR nephropathy can also offer insight into mechanisms of ADR tissue toxicity (12) .
ADR is an anthracycline antibiotic with pleiotropic cytotoxic effects used for treatment of solid and hematogenous tumors. Proposed mechanisms of ADR-induced tissue damage include introduction of double-stranded DNA breaks (DSBs), lipid peroxidation, inhibition of protease activity, disruption of the cytoskeletal and extracellular matrix, and inhibition of the topoisomerase II-mediated religation of the broken DNA strands (13) (14) (15) (16) . In addition, mutations in mitochondrial DNA (mtDNA) and reduction in mtDNA copy number have been increasingly identified as major contributors to ADR-induced tissue injury: ADR can damage mtDNA directly, by intercalating into mtDNA, or indirectly, by generating ROS, producing mtDNA depletion in the kidney and heart after short-term treatment (17) (18) (19) (20) (21) . Cardiomyopathy, the most common side effect of ADR therapy in humans, is also associated with mtDNA damage, and interventions that improve mitochondrial biogenesis are protective against cardiac dysfunction (20, 21) .
The mitochondrion has its own 16-kb circular genome, which undergoes replication independent of the cell cycle. The mtDNA has more rapid turnover than nuclear DNA in all tissues and is particularly prone to ROS-mediated injury, because it lacks histone coverage and is localized closely to the inner mitochondrial membrane, a major site of ROS production in cells (22, 23) . Because the majority of mitochondrial proteins are encoded in the nucleus, coordinated interactions between the nuclear and mitochondrial compartments are required for mtDNA replication or repair (24, 25) . The components of this signaling pathway have not been fully elucidated but are likely critical for cell survival, especially for that of postmitotic cells, such as podocytes or cardiomyocytes, which have poor regenerative potential.
Most of the information about regulation of mtDNA is derived from genetics studies of mtDNA depletion syndrome (MDDS), a group of genetic disorders characterized by multiple organ dysfunction due to spontaneous mtDNA depletion (26) (27) (28) . To date, genes implicated in MDDS involve regulation of mtDNA synthe-sis or deoxynucleotide production and turnover. Intriguingly, although most MDDS-associated genes are ubiquitously expressed, mutations have variable expressivity, with dysfunction in the liver, muscle, or central nervous system among different patients (28) . Moreover, in mice, inactivation of some MDDS genes predominantly manifests as renal damage, which can be severe or indolent (ribonucleotide reductase M2 B [Rrm2b] or MpV17 mitochondrial inner membrane protein [Mpv17], respectively; refs. 29, 30) focal segmental glomerulosclerosis. The precise reasons underlying the variability in end-organ complication of MDDS are not known, but these data suggest that there are tissue- and cell-specific thresholds for tolerance of mtDNA damage. Moreover, the occurrence of mtDNA depletion in both ADR nephropathy and MDDS suggests a shared pathogenesis between these traits, indicating that understanding the genetic basis of ADR nephropathy can inform not only about mechanisms of ADR-mediated toxicity but may also clarify pathways mediating mtDNA maintenance.
Mouse laboratory strains demonstrate contrasting susceptibility to ADR nephropathy, allowing application of genetics approaches to elucidate the underlying biology. We had previously performed systematic screening of 15 inbred strains and identified 3 highly susceptible strains (BALB/cJ [BALB], 129S1/SvImJ, and 129X1/SvJ), while other strains (such as C57BL/6J [B6]) were completely resistant (31, 32) . We had also shown that this dichotomous susceptibility among inbred strains segregates as a single-gene recessive defect that maps to chromosome 16A1-B1 (31) . Because laboratory strains are derived from a limited set of ancestors, this suggested that the shared susceptibility represents inheritance of the same ancestral susceptibility allele. Consistent with this hypothesis, high-resolution mapping of the ADR nephropathy locus defined a risk haplotype that predicted susceptibility to nephrotoxicity and allowed us to reduce the locus to a 1.3-Mb segment, containing 20 genes (32) .
Here, we demonstrate that a mutation in the protein kinase, DNA-activated, catalytic polypeptide (Prkdc) gene is the underlying cause of susceptibility to ADR nephropathy. To determine whether mtDNA depletion is the likely mechanism of injury, we performed a test of genetic interactions that demonstrated that combined mutations in the Prkdc and the Mpv17 genes resulted in early-onset mtDNA depletion and multiple organ injury, recapitulating many MDDS and ADR injury phenotypes in the absence of ADR. This provides evidence for what we believe to be a novel role for Prkdc in the MDDS pathway, implicating a nuclear DNA repair protein in the maintenance of mitochondrial genome.
Results

Application of meiotic mapping and haplotype analysis refines the ADR
nephropathy susceptibility locus to a mutation in the Prkdc gene. We had previously mapped the murine ADR nephropathy susceptibility locus to a 1.3-Mb segment on chromosome 16A1-B1, containing 20 genes (31, 32) . We further refined this map location by meiotic mapping in 1,622 F 2 and backcross progeny between the susceptible BALB and resistant B6 strains. We tested all 68 mice with informative recombinations in this interval for susceptibility to ADR nephropathy, using our standard protocol (31, 32) . We identified 4 critical recombinants in affected mice that localized the susceptibility gene to a 261-kb segment flanked by rs4164904 and rs4164958, an interval that contains 3 transcribed genes: Ube2v2, Mcm4, and Prkdc ( Figure 1A ). To refine this region further, we performed analysis of haplotypes among 48 inbred strains and identified 1 laboratory strain, RIIIS/J, which shows a recombinant haplotype within the minimal meiotic interval. The RIIIS/J strain shares a common haplotype with the susceptible BALB strain from 14.31 to 15.73 Mb but transitions to a divergent haplotype distal to rs4164948 ( Figure 1B ). This 1.42-Mb haplotype, shared between the RIIIS/J and BALB strains, also includes an approximately 450-kb segment with a very low polymorphism rate (0.008%) compared with that of the WSB/EiJ strain. Given the common origin and limited haplotype structure of laboratory strains (33) , the finding of a 1.42-Mb shared segment between the BALB and RIIIS/J strains is highly indicative of inheritance by descent from a common founder. Phenotypic screening revealed that RIIIS/J, WSB/EiJ, and (BALB × RIIIS/J) F 1 hybrids are all resistant to ADR nephropathy, thereby localizing the susceptibility allele distal to rs4164948 ( Figure 1 , B and C). Thus, in combination, the meiotic mapping and haplotype analyses refined the ADR nephropathy locus to a 146-kb interval delimited by rs4164948 and rs4164958, which includes only a part of the Prkdc gene, extending from intron 21 through intron 76 ( Figure 1C ). Prkdc was a compelling candidate, because it encodes the catalytic subunit of the DNA-dependent protein kinase, a critical component of the nonhomologous endjoining DNA repair pathway (34) , which is particularly important for repair of DSBs in nondividing cells, such as podocytes.
We first sequenced all 56 Prkdc exons and flanking introns located within this 146-kb interval and identified a C6418T transition in exon 48 of the gene. This was the only coding variant detected in the critical region, was found among all 3 strains susceptible to ADR nephropathy (BALB, 129S1/SvImJ, and 129X1/SvJ), and was absent in all 17 strains with known resistance, including RIIIS/J and WSB/EiJ (Fisher's exact test, P = 0.0009; refs. 31, 32) . The C6418T transition produces a nonconservative substitution, changing codon 2140 of Prkdc from CGT (arginine in B6) to TGT (cysteine in BALB; Figure 1D ). This R2140C substitution occurs within an amino acid segment that is highly conserved from human to fugu, residing in a larger conserved domain of unknown function (called NUC194; Figure 1E ; ref. 35 ). We next conservatively sequenced all the exons and flanking introns of genes localized within the 261-kb minimal recombinant interval in the resistant B6 and the sensitive BALB strains (Ube2v2, Mcm4, and Prkdc) and found no other coding variants. Further screening of remaining Prkdc exons identified another missense variant (A11530G in exon 81), but this variant resides outside the recombinant interval and results in a conservative M3844V substitution. These data indicated that the R2140C variant is most likely the functional mutation underlying susceptibility to ADR nephropathy.
To detect a functional effect of the R2140C variant, we next examined expression of Prkdc in the kidney of resistant and susceptible strains. We found no changes in baseline Prkdc transcript levels between BALB and B6 strains but detected an 80%-90% reduction in protein abundance in the BALB strain, which was comparable to levels observed in B6.CB17 mice harboring the SCID allele, a spontaneous loss-of-function mutation in Prkdc (36) . This suggested that the R2140C substitution may affect protein stability and is a loss-of-function mutation, which is also consistent with the recessive transmission of the trait ( Figure 1F) .
Induction of ADR nephropathy in mice with independent Prkdc mutations confirmed that Prkdc is the ADR nephropathy susceptibility gene.
To obtain independent confirmation that a mutation in Prkdc is responsible for susceptibility to ADR nephropathy, we tested ADR susceptibility in 2 strains with independent loss-of-function muta- Figure 2 , G-I) were most sensitive to ADR administration, which resulted in death by day 7-8 after injection, likely due to extra-renal toxicity. We also found that haploinsufficient mice (Prkdc +/-) developed a milder form of ADR nephropathy within 14-21 days of ADR administration (P < 0.05, t test, compared with Prkdc -/-mice), developing glomerular mesangial sclerosis, cystic tubular dilatation, and proteinaceous casts (Figure 2 , D-F). Finally, this milder phenotype was never observed in (B6 × BALB) F 1 hybrids ( Figure 2 , A-C), indicating that the R2140 mutation in BALB mice is not a complete loss of function. In contrast, the presence of 2 Prkdc BALB alleles in (BALB × B6) F 2 mice resulted in ADR nephropathy ( Figure 2J ). These data demonstrated a gene-dosage effect in the development of ADR nephropathy.
PRKDC is expressed in podocytes, and its overexpression protects podocytes from ADR cytotoxicity. As podocytes are the site of primary damage in ADR nephropathy (1, 2), we further verified that PRKDC is expressed in these cells using immunohistochemistry and confirmed that PRKDC expression in the glomerulus was restricted to endothelial cells and podocytes with a nuclear localization pattern ( Figure 3, A and B) . To further examine the role of PRKDC in ADR resistance in podocytes, we generated a mouse podocyte clone (Prkdc+) stably overexpressing Prkdc at approximately 10-fold higher levels, compared with the control podocyte cell line ( Figure 3C ). We next compared podocyte survival in both lines at 7 days after ADR exposure at 2 concentrations (0.1 and 0.2 μg/ml). To identify the possible induction of cell proliferation by Prkdc overexpression, we monitored cell morphology and confluence after ADR exposure, as podocytes have very distinct cell morphology in differentiated and proliferating states. In control podocytes harboring the B6 Prkdc allele, ADR produced a dose-dependent decrease in cell number, with no areas of proliferation or visible changes in cell morphology, resulting in less than 25% cell survival after exposure (t test, P < 0.005). On the other hand, overexpression of Prkdc resulted in near-complete survival of podocytes ( Figure 3D ), without evidence of proliferation, suggesting that the enhanced survival was due to decreased apoptosis. The localization of PRKDC to podocytes is consistent with the known pathogenesis of ADR nephropathy, and the rescue of cytotoxicity by its overexpression provides further proof that Prkdc protects against ADR-induced podocyte damage.
ADR induced significant depletion of kidney mtDNA in mice with the Prkdc susceptibility allele. ADR produces cytotoxic damage via a variety of mechanisms, such as DNA intercalation and topoisomerase inhibition, but mtDNA damage has been implicated as a major mechanism for toxicity in nonreplicating cells, such as cardiomyocytes (12, 21) . We therefore examined mtDNA levels in renal tissue by quantitative PCR (qPCR) and Southern blot and compared the levels in ADR-treated mice carrying different Prkdc alleles (Figure 4 , A and B). While baseline mtDNA levels were similar between the sensitive and resistant strains, ADR administration resulted in 2.3-fold mtDNA depletion in F 2 mice homozygous for the Prkdc susceptibility allele, which developed nephropathy within 14 days of ADR administration (t test, P = 0.003; Figure 4A ). This mtDNA depletion detected by qPCR was further confirmed by Southern blot analysis of the same DNA samples ( Figure 4B) . Time-course analyses demonstrated that by 14 days after treatment, ADR induced a 1.7-fold increase in mtDNA in B6 mice (t test P < 0.05) but a significant 1.9-fold reduction in BALB mice (t test, P < 0.03), resulting in approximately 3-fold difference between the strains (t test, P = 0.008; Figure 4C ). These findings were further confirmed by the correlated changes in Tfam, a mtDNA-binding protein whose expression normally parallels mtDNA levels ( Figure 4D ). These data therefore raised the possibility that Prkdc participates in mtDNA maintenance, perhaps via a direct function in mitochondria. However, confocal microscopy of podocytes and 293 HEK cells demonstrated nuclear localization of PRKDC, and there was no evidence of colocalizations with mitochondrial markers (Mitotraker Red) in control conditions or after ADR treatment (Figure 4 , E-G, and Supplemental Figure 3, A-F) . We also did not detect PRKDC in proteinase K-treated mitochondrial fractions isolated from the kidney (Supplemental Figure 3J) . These findings suggest indirect involvement of Prkdc in mtDNA maintenance, likely through intermediate proteins in the pathway.
Genetic interaction between Prkdc and Mpv17 provides evidence for participation of Prkdc in mtDNA maintenance. The mtDNA depletion in ADR nephropathy resembles the phenotype of patients with MDDS, a heterogeneous group of disorders produced by impairment in mtDNA synthesis or mitochondrial deoxynucleotide metabolism (28) . In particular, mutations in some MDDS genes, such as Mpv17, encoding a mitochondrial inner membrane protein, predominantly manifest as nephropathy in mice (26, 30) . Mpv17-null mice only manifest late-onset kidney disease due to glomerular mtDNA depletion (age >200 days), suggestive of an indolent form of ADR nephropathy. Considering that Prkdc and Mpv17 are expressed in the nuclear and mitochondrial compartments, respectively, and deficiency of either gene alone does not produce overt organ dysfunction at an early age regardless of genetic background (30, 36, 37, 39, 40) , tests of genetic interaction between these genes would provide compelling evidence for primary participation of Prkdc in mtDNA maintenance. Accordingly, we generated a cross between B6.CB17 (harboring the Prkdc SCID allele) and Mpv17-null strains to determine the effect of reducing Prkdc gene dosage on mtDNA levels. While mice homozygous for Prkdc or Mpv17 mutation alone showed no overt cardiac, hepatic, or renal lesions and longevity up to 12 months of age, loss of Prkdc gene dosage in Mpv17 -/-mice resulted in spontaneous and early-onset kidney, liver, and heart disease, resulting in significant mortality by 16 weeks of age (log-rank test, P = 1 × 10 -4 ; Figure 5 ). The double homozygote mutants had the worst outcome, including significantly lower survival compared with mice with that of Prkdc-haploinsufficient mice (log-rank test, P < 1 × 10 -3 ), and 23% manifested severe ascites at demise ( Figure 5A and Supplemental Figure 4A ). Histopathologic examination demonstrated glomerulosclerosis, cystic tubular dilatation, and proteinaceous casts in the kidney ( Figure 5C ) and hepatocyte nuclear enlargement, apoptosis, cytoplasmic vacuolization, congestion, and necrosis in the liver ( Figure 5D and Supplemental Figure 4, B-D) . In addition, we noted myocyte atrophy, fibrosis, and inflammation in the heart ( Figure 5E ). Electron microscopy studies in cardiac tissue showed significant loss of mitochondrial architecture in double-null Prkdc SCID/SCID Mpv17 -/-mice, compared with that of Prkdc +/+ Mpv17 -/-mice ( Figure 5 , F and G, and Supplemental Figure 4 , E and F). We next measured mtDNA levels in all 3 tissues using qPCR and evaluated the effects of Prkdc gene deletion in Mpv17-null mice ( Figure 5B ). We found a linear decrease in mtDNA level with decreasing Prkdc gene dosage in the kidney and heart, particularly in double-mutant mice compared with the groups with the wild-type Prkdc allele. Consistent with previous reports of Mpv17-null mice, there was severe mtDNA depletion in livers of all 3 groups (<10% of control) and only a trend toward worse depletion in double-mutant mice. The severe mtDNA depletion detected in the liver may be explained Figure 1) , which suggests that all 3 groups can be considered as "liver-specific" double mutants from a functional point of view.
The findings of spontaneous heart, liver, and kidney lesions and mtDNA depletion in double homozygote mice provide strong evidence of genetic interaction between Prkdc and Mpv17, as neither Mpv17- nor Prkdc-null mice, described on different genetic backgrounds, have these severe early clinical phenotypes (30, 36, 37, 39, 40) . Nevertheless, to further rule out a genetic background effect, we performed a genome-wide scan, with 732 informative markers in the Prkdc/Mpv17 cross. Analysis of linkage found significant linkage of cardiac and renal mtDNA levels, but not of liver mtDNA levels, to the Prkdc locus on chromosome 16A1 (lod scores of 4.6 and 3.2, respectively; Supplemental Figure 5 ). There were no other loci across the genome that explained variation in these traits. This analysis ruled out a genetic background effect on our phenotypes and further implicated genetic interaction between Prkdc and Mpv17 as the cause of synthetic pathology.
Discussion
This study identifies a mutation in Prkdc as the genetic basis of interstrain susceptibility to murine ADR nephropathy, one of the most commonly used experimental models of kidney injury. Our findings are supported by precise mapping data, identification of a nonconservative missense variant with loss of protein expression in susceptible strains, and recapitulation of ADR nephropathy in 2 strains, with independent mutations in Prkdc. We also showed that Prkdc is expressed in podocytes, the principal cell injured in ADR nephropathy, and its overexpression in podocytes cell lines results in increased survival after ADR treatment. We further found that ADR nephropathy produces significant mtDNA depletion in mice homozygous for mutant Prkdc alleles, suggesting what we believe to be a novel role for Prkdc in mtDNA maintenance. This was confirmed by our studies of the genetic interaction of Prkdc with the Mpv17, a gene that is expressed in mitochondria and is mutated in human MDDS. The finding of spontaneous mtDNA depletion in Prkdc/Mpv17 double-mutant mice simultaneously implicates mtDNA damage in the pathogenesis of ADR nephropathy and to our knowledge, identifies Prkdc as novel component of the mitochondrial genome maintenance pathway.
Prkdc encodes the catalytic subunit of the trimeric DNA-dependent protein kinase (DNA-PKcs) and has essential roles in DNA repair, signal transduction, and transcriptional activation. Genetic defects in the Prkdc or the Ku70 and Ku80 genes (encoding the regulatory subunits of DNA-PK) result in immunodeficiency, radiosensitivity, and premature aging, which are generally attributed to the requirement for DNA-PK in nonhomologous end-joining DSB repair, the primary mode of DNA repair in nonreplicating cells (34, 38, 41) . Upon initiation of DSBs, Prkdc is recruited by the Ku70 and Ku80 subunits and aligns broken DNA ends, enabling DNA polymerase and other ligation factors to repair the breaks (34, 38, 41) . This DSB repair function is also essential in lymphocyte development, which necessitates repeated rounds of DNA break and repair during VDJ recombination (42) . Prkdc also participates in signal transduction cascades related to apoptotic cell death (43) , telomere maintenance, and genome surveillance (44) . Most recently, Prkdc has also been implicated as an essential coactivator of multiple transcription factors (45) . In this function, Prkdc is part of a multimeric protein complex that unwinds DNA through site-specific induction and repair of DSBs, thereby facilitating access of transcription factors to their binding sites. To date, the Prkdc containing complex has been implicated in coactivation of the estrogen receptor, USF (46), Sp1 (47) NRF1 (48), or FoxA2 (49) . Moreover, Prkdc-deficient cells manifest global defects in transcriptional activation, suggesting that Prkdc regulates many additional transcription factors and metabolic processes (50) . Interestingly, there may be critical thresholds for completion of multifaceted functions of Prkdc. For example, BALB mice produce a very low level of Prkdc protein, which is functionally sufficient for lymphocyte maturation but insufficient to resist DNA-damaging agents, such as ADR. More deleterious Prkdc mutations, such as the SCID mutation or complete null alleles, result in immunodeficiency, radiosensitivity, and premature aging (38) . Consistent with these findings, the severity of response to ADR varied according to functional deficit in Prkdc alleles: null mice demonstrated early lethality and susceptibility to ADR nephropathy; the near-null SCID mice displayed ADR nephropathy but survived longer; and haploinsufficient mice developed a milder form of ADR nephropathy within 14-21 days of ADR administration, which was never observed in (B6 × BALB) F 1 hybrids.
Here, we identify what we believe to be a novel role for Prkdc in maintenance of the mitochondrial genome. We detected significant kidney mtDNA depletion in ADR-treated mice homozygous for Prkdc susceptibility alleles, consistent with data demonstrating that mtDNA depletion is the major mechanism of ADR injury in postmitotic cells, likely due to direct intercalation into mtDNA (51) . However, we did not detect colocalization of PRKDC with mitochondrial markers in podocytes or 293HEK cells or in proteinase K-treated kidney mitochondrial fractions, suggesting that it did not contribute to mtDNA maintenance via a direct function within mitochondria. Since Prkdc has many roles in signal transduction and transcriptional regulation, the alternative hypothesis was that it participates in a nuclear signaling pathway that sustains the integrity of mtDNA or promotes mitochondrial biogenesis subsequent to genotoxic stress. This hypothesis was consistent with the results of a recent RNAi screen, showing that genes required for ADR resistance in yeast are involved in nuclear DNA repair as well as mitochondrial homeostasis, demonstrating a link between these pathways (52).
Figure 5
An intercross between Mpv17 -/-and Prkdc SCID/SCID mice confirms genetic interaction between Mpv17 and Prkdc. (A) Kaplan-Meier survival analysis demonstrates that decreasing Prkdc gene dosage markedly reduces survival in Mpv17-null mice (n = 8-18 mice per group; log-rank test, P = 0.0001). (B) Association between Prkdc genotype and mtDNA depletion in tissues of Mpv17-null mice (*P < 0.05, t test, compared with the Mpv17 -/-Prkdc SCID/SCID group). (C-E) Histopathology demonstrates the development of glomerulosclerosis and tubulointerstitial damage, with cast formation in the kidney (C); hepatocyte nuclear enlargement, ballooning cytoplasmic vacuolization, and sinusoidal congestion in the liver (D); and myocyte atrophy (arrow), fibrosis, and inflammation in the heart of double-mutant mice (E). (F and G) Electron microscopy of heart tissue shows structural lesions in the mitochondria of double-null mice (G) as compared with Mpv17-null mice (F). Mitochondria are indicated by arrows. Original magnification: ×600 (C and D); ×200 (E); ×30,000 (F and G). SC, the SCID allele.
To confirm that Prkdc participates in mtDNA maintenance, we performed tests of genetic interaction between Prkdc and Mpv17 genes. The Mpv17 gene was an excellent candidate for testing genetic interaction because it encodes a mitochondrial inner membrane protein and its mutations produce MDDS in humans and mice (26, 30) . Moreover, Mpv17 mutant mice do not manifest early-onset organ dysfunction, providing an unambiguous starting point for testing the effect of Prkdc gene dosage on phenotype (26, 30) . While mice with mutations in either single gene were asymptomatic up to 12 months of age, Prkdc/Mpv17 double-mutant mice developed significant cardiac and renal mtDNA depletion and spontaneous liver, heart, and kidney disease, resulting in excess mortality by 16 weeks of age. The double-mutant mice also displayed severe mitochondrial structural lesions in cardiomyocytes by electron microscopy. These findings recapitulated both MDDS and ADR injury phenotypes in the absence of ADR, demonstrating that the 2 mutations introduced genetic lesions in a common pathway critical to mtDNA maintenance.
It is difficult to predict the precise molecular mechanism through which Prkdc regulates mtDNA, because we still have a limited knowledge of the nuclear-mitochondrial communication pathways mediating mtDNA maintenance. The known MDDS genes do not account for all the cases, and the function of some genes, such as Mpv17, remains largely unknown, suggesting many yet-undiscovered components of this pathway. Since Prkdc is a multifunctional protein, it may regulate MPV17 or any of genes implicated in MDDS via one of its described functions: as a kinase, as a signal transduction protein, or as a transcriptional coactivator. Alternatively, Prkdc may participate in an "emergency" mtDNA maintenance pathway, which is dormant under normal conditions but is activated in DNA-damaging conditions. In this regard, Prkdc was recently found to participate in coactivation of NRF1, a transcription factor critical for mitochondrial biogenesis (48) , and, thus, one can hypothesize that Prkdc mutations prevent an adequate biogenic response to genotoxic stress. These hypotheses form plausible starting points for future investigation, but given the manifold functions of Prkdc, we expect that a broad array of experiments will be required to adequately dissect its exact role in the mtDNA maintenance pathway.
Mutations in genes that are ubiquitously expressed can result in cell- and organ-specific defects, but the underlying reasons for this are frequently not understood. For example, the ACTN4, IFN2, or TRPC6 genes are broadly expressed, but their mutations produce podocyte dysfunction and nephropathy (53) (54) (55) . Similarly, mutations in some genes encoding mitochondrial respiratory chains produce podocyte dysfunction, while acquired mtDNA mutations have also been described in focal segmental glomerulosclerosis lesions (56, 57) . One can surmise that genetic mutations produce functional defects only in cells/organs lacking redundant or modifier pathways or in the setting of specific physiologic states or metabolic demands. In the case of podocytes, we can also hypothesize that their terminally differentiated state would prevent cell division and limit repair subsequent to injury. Our study provides additional insight into the problem of variable organ injury in MDDS. We identify Prkdc and its downstream pathways as logical candidate modifiers that may explain variable severity of mtDNA depletion, disease onset, and target organ damage in MDDS patients and mouse models. Finally, the finding of cardiac mtDNA depletion and cardiomyopathy in the Prkdc/Mpv17 double-mutant mice is also very intriguing, because cardiotoxicity due to mtDNA depletion is the main side effect of ADR therapy in humans. These findings suggest that elucidation of the components of the PRKDC/MPV17 signaling pathway may inform about biological mechanisms mediating ADR-mediated cardiomyopathy.
Recent data have also implicated 2 Prkdc homologs (ATM and ATL-1) in regulation of mtDNA levels in mammalian and worm cells (58, 59) . Ataxia-telangiectasia mutated (ATM), another PI3K involved in the homologous recombination DSB repair, has been shown to participate in mitochondrial genome maintenance via regulation of the RRM2B subunit of ribonucleotide reductase, which is critical for de novo generation of deoxynucleotides and is mutated in some patients with MDDS (27, 58, 60) . The ATM-mediated RRM2B regulation thus presents a strong parallel to the Prkdc/Mpv17 interaction observed in the present study, offering another link between the PI3K gene family and the MDDS pathway. Similarly, inactivation of ATL-1 causes significant mtDNA loss in Caenorhabditis elegans, but downstream pathways have not been identified. Together with our study, these data indicate a new general pathway linking the nuclear DNA repair program to mtDNA regulation. Identification of additional components of this novel nuclear-mitochondrial communication pathway may uncover alternative mechanisms of mtDNA maintenance and further elucidate pathways underlying organ dysfunction in MDDS or anthracycline-mediated toxicity.
Methods
Mice. Inbred strains, Mpv17-null mice, and B6.CB17-Prkdc scid /SzJ (B6.CB17) mice were purchased from The Jackson Laboratory. Mpv17-null mice were bred onto an FVB/NJ genetic background for more than 10 generations. Prkdc-knockout mice on the B6 background were a gift from D. Chen (University of Texas Southwestern Medical Center, Dallas, Texas, USA) (37) . To refine the ADR nephropathy susceptibility locus, we produced 176 F2 and 1,446 backcross progeny between BALB and B6 mice and phenotyped 68 mice with informative recombinations between rs4164770 and rs4165049. ADR nephropathy was produced by tail vein injection (10 mg/kg) (31) . Heterozygous (Prkdc +/-) and homozygous (Prkdc -/-) Prkdc-knockout mice and control BALB × B6-F1 hybrid mice were injected with ADR, as above, at 16 to 20 weeks of age. For a time-course analysis, BALB and B6 mice were injected with ADR, as above (in triplicates for each strain), and sacrificed at 3 hours and 3, 7, and 14 days after injection. To assess the phenotypic effect of combination of mutant Prkdc and Mpv17 alleles, we generated an intercross between B6.CB17 (SCID) and Mpv17-null strain (n = 152) and analyzed the effect of Prkdc gene dosage on an Mpv17-null background. These mice were followed up to 23 weeks, and kidneys, hearts, and livers were collected at sacrifice. The protocol was approved by the IACUC at the Columbia University Medical Center.
Genotyping, sequencing, and quantitative analysis of mtDNA. Microsatellite markers were genotyped by capillary electrophoresis. SNP loci for inbred strains were obtained from NCBI and the Mouse Phenome Database (http://phenome.jax.org/), and additional SNP loci were genotyped by direct sequencing. Total kidney DNA was isolated using the DNeasy Tissue Kit (Qiagen). mtDNA levels were quantitated by qPCR using SYBR Green Mix (Bio-Rad) and presented as a ratio of mitochondria-encoded COX1 to nuclear-encoded Rn18s, standardized to a reference sample (B6) included in each run. The COX1 and Rn18s probes for Southern blotting were generated using the PCR DIG Probe Synthesis Kit (Roche). Total DNA was digested with SacI enzyme, separated, transferred onto nylon membrane, and hybridized with the probes, and the membrane was developed using anti-DIG-AP antibody (Roche). The primer sequences are listed in Supplemental Table 1 . To exclude a genetic background effect, we performed a genome scan in the Mpv17/SCID cross, using the Illumina Mouse Medium Density Set. In this genotyping set, 732 SNP loci were informative between FVB and B6. Analysis of linkage of mtDNA levels was performed using the Haley-Knott regression method and the R/QTL program (http://www.rqtl.org). LOD scores of more than 3 were considered significant.
Western blot. Western blot analysis of whole kidney lysates (100 μg of total protein per well) was performed using the Immobilon Western ECL Detection Kit (Millipore) and the following antibodies: monoclonal mouse anti-DNA-PKcs Ab-4 (Neomarkers), anti-GAPDH (R&D Systems), goat mt-TFA (A-17) antibody (Santa Cruz Biotechnology Inc.), HRP-labeled sheep antimouse antibody (Amersham), and donkey anti-goat antibody (Santa Cruz Biotechnology Inc.).
Cell culture. Conditionally immortalized murine and human podocyte cells were gifts from P. Klotman (Mount Sinai Hospital, New York, New York, USA) and J. Reiser. The murine podocyte cells (MPCs) harbored the B6 haplotype at the Prkdc locus. A murine clone stably overexpressing Prkdc (Prkdc+) was selected after transfection with the EF-Prkdc.pGEM 9 plasmid, which encoded the full-length cDNA of mouse Prkdc from B6 mice under elongation factor α (EF) promoter and zeocin resistance cassette. Podocytes were differentiated for 14 days at 37°C prior to experiments. MPCs were treated with 0.1 or 0.2 μg/ml ADR for 24 hours, and then the medium was changed and incubation was continued for 7 days, at which point the cells were collected and counted for survival analysis.
Immunohistochemistry and confocal microscopy. Kidneys, hearts, and livers were formalin fixed and paraffin embedded, and 3-μm sections were cut and stained with H&E or periodic acid-Schiff (PAS) or used for immunohistochemistry. The total histologic kidney injury score was calculated as an average of 4 histologic scores (acute tubular injury, tubular cast dilatation, mesangial sclerosis, and glomerulosclerosis scores), quantified on the 0-3+ scale. Immunohistochemistry was performed using mouse monoclonal antibody DNA-PKcs Ab-4 (Neomarkers) and HRP-labeled goat anti-mouse DakoCytomation EnVision+ system (Dako), followed by diaminobenzidine. The glomerular basement membrane was visualized with PAS reaction, without a nuclear counterstain. The podocytes were localized specifically by their anatomic location, as they are the only glomerular cell type overlying the glomerular basement membrane in the urinary space (outside the glomerular capillaries).
For confocal microscopy, differentiated human podocytes or 293HEK cells were incubated with Mitotraker Red (Invitrogen), fixed with 4% paraformaldehyde, and stained with mouse DNA-PKcs Ab-4 (Neomarkers) and goat anti-mouse Amaxa 488 antibody (Invitrogen). Control and ADRtreated (0.5 μg/ml) podocytes were compared in order to detect possible translocation of Prkdc to the mitochondria in stress conditions.
Statistics. Comparisons of mtDNA among strains were performed by 2-sided t tests. Data represent mean ± SEM. Survival analysis in Prkdc/Mpv17 intercross mice was performed using Kaplan-Meier analysis and log-rank (Mantel-Cox) test, with a global comparison between genotype groups, and by comparisons of groups with the ≥ 3 mutant alleles to groups with single-gene mutant homozygotes. P values of less than 0.05 were considered significant.
